Prostate cancer is the second most common cancer worldwide and the sixth cause of cancer-related death in men. When hormone therapy fails to control tumour growth, castration-resistant prostate cancer (CRPC) occurs and chemotherapy drugs must be administered. Since 2004, docetaxel administration is the standard of care in metastatic CRPC, although it presents severe limitations such as acquired resistance and poor prognosis. An analogue (cabazitaxel) was approved by the FDA in 2010 as a second-line chemotherapeutic agent. Novel immuno-and hormonal therapy agents, as well as tumour vaccines, have been recently developed, but new strategies are still needed for effectively handling this type of neoplasia. Platinum compounds, in particular, have been the object of a growing interest, despite the former belief that they should have modest activity against prostate cancer. Compounds such as carboplatin, oxaliplatin or satraplatin, either alone or in combination, have lately shown promising results. In order to overcome the deleterious side-effects usually associated to these metal-based agents, several approaches have been followed with a view to optimise drug delivery and targeting, some of which showed considerable success in CRPC. Platinum drugs may therefore have an important role in the chemotherapeutic management of human metastatic castration-resistant prostate cancer, mostly in second-line strategies. The present review addresses the most relevant studies on platinum-based antineoplastic agents towards CRPC in the last decade -from first-and second-generation complexes to newly developed compounds.
INTRODUCTION
Prostate cancer is the second leading cause of male cancerrelated mortality in the western world [1, 2] . Although outcomes for patients with prostate cancer are best when the disease is diagnosed in the organ-confined state (being then curable), a significant proportion of men (10-20%) display metastasis at presentation (predominantly to bone) and the currently available treatment options for these cases have a modest prognosis [3] . The established therapy for advanced prostate cancer has been androgen deprivation, either by medical or surgical castration. Nevertheless, a high number of patients progress to an androgen-independent phenotype after about 18 to 36 months (castration-resistant prostate cancer (CRPC)), which is almost inevitably associated with metastasis (mainly to bone tissue) -metastatic castration-resistant prostate cancer (mCRPC) [4, 5] . Thus, when hormone therapy fails to control tumour growth and an hormone-refractory state emerges, chemotherapy strategies must be applied [6] .
In fact, chemotherapy has yielded promising results in metastatic hormone-refractory prostate cancer, with a significant role in the palliation of symptoms. The currently Food and Drug Administration (FDA) approved first-line chemotherapeutic agents for CRPC treatment include mitoxantrone (an anthracycline derivative [7, 8] , estramustine (an estrogen derivative), and docetaxel [9] Fig.  (b) . Even though combinations of these agents were found to induce an encouraging biochemical response in more than 50% of the patients [10] [11] [12] , the average duration of response does not exceed 6 months with an overall survival (OS) between 18 and 24 months. Therefore, numerous studies are on-going, with a view to test different therapeutic schemes for achieving an optimal regimen, capable of extending life in patients with metastatic CRPC or high-risk localised disease.
Since 2004 combined administration of docetaxel (tradename Taxotere) and prednisone has been the standard first-line treatment for metastatic CRPC [9, 13, 14] . Additionally, docetaxel/ estramustine combinations were proposed as first-line chemotherapy against advanced prostate cancer and verified to be active, with tolerable side effects [14] [15] [16] [17] . Lately, the recently approved (2010) cabazitaxel docetaxel analogue (obtained through hydroxyl *Address correspondence to this author at the Dep. Life Sciences, Fac. Science and Technology, University of Coimbra, Ap. 3046, 3001-401 Coimbra-Portugal; Tel: +351 239826541; Fax: +351 239826541; E-mail: pmc@ci.uc.pt by methoxyl substitution) [18] [19] [20] , has been used, although both are limited by acquired resistance, with an overall survival not exceeding two years [21] .
In view of this short duration of clinical response and of the scarce therapeutic options after taxane failure, other post-docetaxel options have recently been explored: (i) immunotherapy with autologous vaccines -sipuleucel-T (Provenge TM ), approved in 2010 by FDA for the treatment of asymptomatic or minimally symptomatic mCRPC [22, 23] -and Prostvac (in phase III clinical trials) that has increased the median survival time by 8.5 months [24] ; (ii) the highly targeted alpha-pharmaceutical Alpharadin (Radium-223 chloride, phase III trials) [25] , and the human monoclonal antibody Denosumab in patients with bone metastasis [26] [27] [28] [29] ; (iii) or novel hormonal therapy strategies such as the androgen-receptor antagonist Enzalutamide [30] [31] [32] , and the orally administered androgen inhibitor abiraterone acetate (AA, Zytiga TM ) [33] [34] [35] . According to the highly promising results obtained in phase III clinical trials for abiraterone [36] , this is a landmark in prostate cancer treatment. The recent combined administration of abiraterone and cabazitaxel to patients with mCRPC, not responsive to docetaxel treatment, has led to a significant overall survival benefit [37] .
The quest for second-line antineoplastic agents that will effectively control mCRPC, either alone or in combination, is therefore a high priority issue in prostate cancer research [38, 39] . The present review comprises the most relevant developments in this field in the last ten years, regarding the role of platinum-based antineoplastic agents -both Pt(II) and new generation Pt(IV) orally available compounds.
PLATINUM-BASED CHEMOTHERAPEUTIC STRATE-GIES
Since prostate cancer often becomes refractory to hormonal manipulation, alternative strategies must be sought to be used in men whose disease progresses during or after taxane therapy. Cytotoxic metal-based chemotherapy is emerging as an effective form of treatment of this type of advanced (metastatic) prostate cancer (mCRPC) [40] [41] [42] [43] [44] [45] . Platinum-based chemotherapeutics, in particular, are among the most widely prescribed drugs in modern oncology (used to treat ca. 50% of all cancers), either alone or in combination with other systemic compounds and/or radiation therapy. They are known to be active in a wide range of solid tumours, including lung, head and neck, colon, bladder, ovarian and testicular cancers, and exert their cytotoxic action through specific interactions with DNA [46, 47] . Three of these compounds are currently approved for clinical use: cisplatin, carboplatin and oxaliplatin Fig.  (1) . Nevertheless, they are associated to severe side-effects (e.g. ototoxicity, neurotoxicity, nephrotoxicity and myelosuppression) as well as to acquired resistance, and require intravenous administration.
Platinum chemotherapy has, for a long time, been considered inactive against CRPC, but more recent data (since the middle 1990´s) has proved otherwise, mainly due to the advent of new drugs and novel methods of response assessment [40, 48] . In fact, cisplatin and second-generation carboplatin have lately been found to yield a moderate response in metastatic CRPC patients [49] [50] [51] . Carboplatin, in particular, yielded promising results inducing very high response rates in several combined therapeutic schemes (e.g. with estramustine or taxanes [52, 53] ). Furthermore, platinum drugs with altered stable ligands, such as oxaliplatin and new generation platinum agents such as picoplatin and the orally available satraplatin Fig. (1) have distinct therapeutic profiles and display significant anticancer activity in diseases with inherent or acquired resistance to cisplatin, such as prostate cancer [42] . However, as singleagents platinum compounds have displayed a modest activity towards castration-resistant prostate cancer (ca. 17% response rates [54] ), while they offer the greatest potential in combined administration [49, 55, 56] . As an example, treatments with picoplatin plus docetaxel [19] , carboplatin plus taxanes and estramustine [57] , carboplatin plus etoposide in docetaxel-pretreated patients [58] , or cisplatin plus prednisone in docetaxel-refractory CRPC patients [59] , have showed promising efficacy in phase II trials.
Cisplatin
Since the discovery of cisplatin by Rosenberg, in 1965 [60, 61] , and its FDA approval for clinical use in 1978, this square planar Pt(II) complex (cis-(diamminodichloro)platinum(II), tradename Platinol, Fig. a) has become first-line therapy for several human cancer types. Cisplatin damaging effect on DNA is due to shortrange inter-and intrastrand cross-links (mainly at the double-helix purine bases) leading to apoptptic cell death, thus suppressing proliferation [62] [63] [64] .
Although cisplatin was shown, in the 1980´s, to display marginal to modest antitumour activity against CRPC [65] [66] [67] [68] , improved response assessment methods allowed to redefine this effect. No reports are to be found on its use in sole administration for the treatment of advanced prostate cancer, but several studies are underway regarding combined therapeutic schemes comprising cisplatin, with an encouraging outcome.
A phase II clinical trial combining cisplatin, doxorubicin and etoposide was carried out by Papandreou et al. [69] : patients were treated every 4 weeks with doxorubicin (50 mg/m 2 per day as an intravenous infusion), followed by etoposide (120 mg/m 2 per day) and cisplatin (25 mg/m 2 per day). However, this led to a very high toxicity that hindered clinical use.
Cisplatin plus docetaxel were tried by Culine and coworkers [70] , although the therapeutic results were disappointing, the efficacy having been low and the toxicity too high to allow use in the clinical practice.
Prednisone (a synthetic immunosuppressant corticosteroid, Fig.  2 ) was also tested in combination chemotherapy with several platinum agents. A clinical phase II trial was performed with cisplatin, at a dosage of 75 mg/m 2 every 3 weeks, coupled to prednisone, at 10 mg daily [59] , resulting in a prostatic-specific antigen (PSA) reduction of more than 50% in 20% of the patients, with a good tolerance profile. Time to progression was 5.6 months, and the average overall survival was 13.8 months.
Carboplatin
Carboplatin (cis-diammine(1,1-cyclobutanedicarboxylato) plati num(II), tradename Paraplatin) is a second-generation Pt(II) compound, that differs from cisplatin by the presence of a bidentate dicarboxylate ligand as its leaving group instead of the more labile cisplatin´s chloride ligands [57] Fig. (1) . Consequently, this compound displays a significantly lower reactivity and slower DNA binding kinetics [71] , although it yields the same DNA adducts. This chelate is substantially more stable than cisplatin, allowing more time for the drug to reach the target molecule [72] and leading to a longer lasting effect -it has a retention half-life of 30 hours, as compared to 1.5-3.6 hours for cisplatin. Moreover, it presents reduced side-effects relative to cisplatin, particularly the elimination of nephrotoxicity, and was shown to be effective in some strains of cancer not susceptible to cisplatin.
In 2006, Castagneto and collaborators reported a study on CRPC patients, that were administered carboplatin at a dose of 150 mg weekly for 3 weeks. From 27 cases, 26.9% experienced a decline of 50% in PSA after therapy allowing to conclude that carboplatin has a definite activity against CRPC, whether it is administered weekly or monthly [73] . Apart from this, there are no reported studies on carboplatin in sole administration towards advanced prostate cancer, but several combination regimens have been investigated.
In a phase II trial using carboplatin plus docetaxel [74] , patients were treated with the taxane intravenously at a dose of 60 mg/m 2 , and with carboplatin at an Area Under the Curve (AUC) 4, every 21 days, in a reasonably well tolerated therapeutic scheme. PSA was found to decrease by more than 50% in 18% of the treated patients. The median time to progression was 3 months and the average overall survival time was 12.4 months. This treatment scheme yielded a modest antineoplasic activity, a better response having been obtained in patients pre-treated with docetaxel.
A combination of carboplatin and another taxane, paclitaxel, was investigated by Jeske et al. [75] for the treatment of 25 CRPC patients, paclitaxel having been administered at a dose ranging from 60 to 80 mg/m 2 at days 1, 8 and 21, on a 28-day cycle, plus carboplatin AUC 4-6 at day 1, in an average of 4.5 therapeutic cycles. This combination was well tolerated, with 48% of the patients achieving over 50% PSA reduction. Time to disease progression was 3 months and the OS was 10.5 months.
Furthermore, several clinical trials have been performed using etoposide (a topoisomerase II inhibitor often used as an antineoplastic drug [76] ) in combination with a platinum agent. One of these, using etoposide at a dose of 80 mg/m 2 per day from days 1 to 3, and carboplatin AUC 5 at day 1, repeated every 3 weeks, led to encouraging results [58] : 9% of the patients experienced a reduction in their PSA levels of more than 50%, with an average OS of 19 months and no significant side effects.
Triplet therapy schemes, combining estramustine, a taxane and a platinum agent, have also been explored. In a phase II clinical trial involving 56 patients, these were administered paclitaxel at 1hour infusions of 60-100 mg/m 2 per week, oral estramustinephosphate at a dose of 10 mg/Kg, and carboplatin at an AUC (representing serum concentration) of 6 mg/ml-min every 4 weeks [77] . This scheme, repeated for 4 therapeutic cycles, induced a significant antitumor activity, with a reduction in PSA levels of over 50% in 67% of the treated patients, a time to disease progression of 5.3 months, and an average OS of 19.9 months. A similar treatment regimen was followed by Urakami et al. [55] , using a combination of paclitaxel (60-100 mg/m 2 per week), estramustine (10 mg/Kg per day) and carboplatin (AUC equal to 6) every 4 weeks, with very good results -a PSA level decrease of more than 50% was achieved in all treated patients, coupled to an overall survival time of 24 months. Oh and coworkers [52] conducted a phase II trial using estramustine, docetaxel and carboplatin, combined with a granulocytecolony-stimulating factor (G-CSF) to minimize neutropenia (usually associated to this type of therapeutic regimen): 34 patients received 240 mg of estramustine 3 times per day for 5 days, 70 mg/m 2 of docetaxel, and carboplatin at a dosage of AUC 5. A significant clinical activity was achieved, with an acceptable toxicity profile, 68% of the patients having reduced their PSA levels more than 50%, with an average time to progression of 8.1 months and an OS period of 19 months.
A similar trial was carried out by Solit et al. [56] , the patients having received 1-hour infusions of estramustine-phosphate weekly, paclitaxel at a dose of 100 mg/m 2 (intravenously) and car-boplatin at AUC 6 every 4 weeks (30 minutes infusions). After a 64-week cycle, an average response duration of 5.3 months was achieved, with an OS of 16.6 months. Moreover, administration of oral estramustine was found to lead to an improved activity against bone metastasis.
Oh and collaborators conducted another clinical trial using a similar therapeutic scheme [53] : 30 patients were treated, in a 28day cycle, with docetaxel (from 20 to 43 mg/m 2 on days 2, 9 and 16), estramustine (at 140 mg, orally administered, 3 times per day, on days 1-5, 8-12 and 15-19) and carboplatin on day 2 (AUC 5 or 6). This regimen was well tolerated, myelosuppression being the main deleterious side effect. 63% of the patients achieved a PSA reduction over 50%, and the overall survival time was 14.6 months. (The represented structures correspond to optimised geometries, calculated by the authors using quantum mechanical methods at the Density Functional Theory level). Kikuno et al., in turn, performed a phase II clinical trial for the following therapeutic scheme [78] : weekly docetaxel at a dose of 30 mg/m 2 (administered intravenously), daily estramustinephosphate at 10 mg/kg, and carboplatin AUC 6 on day 1, in a 4 week cycle. After a total of 6 cycles, the PSA levels were found to decrease by 50% in 95% of the patients. The median time to progression was 12.0 months, with an OS of 26.6 months. The toxicity profile was acceptable and the regimen was thus considered to have a significant clinical activity.
A paclitaxel/estramustine/carboplatin regimen was investigated in 84 patients with hormone-refractory prostate cancer, in a 4-week cycle [79] . 18% of the patients had received previous chemotherapy, 73% had undergone surgery, and 61% had received externalbeam radiation therapy. Paclitaxel at 80 mg/m 2 and carboplatin AUC 2 were administered intravenously on days 2, 9, and 16, and oral estramustine at 280 mg, 3 times daily, was given on days 1-3, 8-10, and 15-17 for 6 cycles. A PSA decrease rate of 61% was obtained, with an average survival of 15.3 months. This study allowed to conclude that paclitaxel/estramustine/carboplatin administered in a weekly regimen is highly effective, and quite safe, for the treatment of CRPC.
A different therapeutic scheme was applied by Flaig and coworkers [80] , who used a combination of dexamethasone (a synthetic corticosteroid), calcitriol (the hormonally active form of vitamin D) and carboplatin, in a phase II trial: for a 6 week cycle, 34 patients received 1 mg of dexamethasone daily, 0.5 mg of calcitriol in the begining of week 5, and carboplatin AUC 2 for the first 4 weeks. A PSA decrease of over 50% was verified for 35.4% of the treated patients, with a time to disease progression of 4.5 months and an OS period of 24.4 months, in a well tolerated regimen.
Oxaliplatin
Oxaliplatin ([(1R,2R)-cyclohexane-1,2-diamine](ethanedioato-O,O')platinum(II), tradename Eloxatin) is a Pt(II) complex comprising a bidentate diaminocyclohexane stable ligand and an oxalate leaving group Fig. (1) . Inclusion of the diaminocyclohexane moiety was intended to contribute to a larger cytotoxicity when compared to cisplatin and carboplatin, as well as to avoid cross-resistance with these widely used drugs [81] .
In a randomised multicenter phase II trial enrolling 54 patients, the activity of oxaliplatin, either alone (OXA) or in combination with the antimetabolite 5-fluorouracil (OXFU), was evaluated [82] .
The patients (with identical characteristics) who received an average of 269 treatment cycles were divided in two groups, OXA (106) and OXFU (163). The oxaliplatin dose-intensity was similar in both: OXA -43 mg/m 2 per week, OXFU -40mg/m 2 per week. The median time to progression thus obtained was 2.6 months in OXA and 3.4 months in OXFU, with OS values of 11.4 months in the latter against 9.4 months achieved in the OXA group.
Combined administration of oxaliplatin with oral capecitabine (a prodrug, enzymatically converted to 5-fluorouracil in the tumour) was also tested, in a phase II clinical trial [83] , on patients unresponsive to first-line docetaxel treatment. 100 mg of oxaliplatin were administered at day 1, plus 1000 mg of capecitabine on days 1 to 14, every 21 days. 57% of the patients showed a PSA reduction of over 50%, with a time to disease progression of 3.6 months and an average overall survival of 6 months. This therapeutic scheme was found to be both tolerable and safe, with a promising antineoplastic activity. Additionally, it was assessed as first-line chemotherapy in advanced prostate cancer patients with an average age of 75 years [83] . Given its ease of administration, it was found to represent a good therapeutic option in the elderly.
The combination of oxaliplatin and docetaxel has showed to have a promising activity in CRPC, with a readily manageable toxicity (mostly hematologic) [84] . Phase III trials with this novel regimen have led to high PSA response rates, long progression free survival (PFS) and OS values. Furthermore, a phase II trial was conducted with the primary objective of evaluating PSA response rates in men who have failed primary chemotherapy [84] : oxaliplatin and docetaxel were administered to patients with metastatic castration-resistant prostate cancer, previously treated with up to two cytotoxic chemotherapy regimens, with positive results and controllable safety.
Picoplatin
Picoplatin (cis-(amminedichloro-2-methylpyridine)platinum(II), AMD473 or ZD0473) is a sterically hindered Pt(II) mixed amine complex, designed to overcome platinum resistance and with a potential for improved safety compared to other platinum agents [85] [86] [87] [88] . Since one of the amines is substituted by a methyl pyridine, as compared to cisplatin Fig. (1) , glutathione competition occurs through a dissociative thiol substitution reaction instead of an associative one (as for cisplatin). This leads to a slower substitution, therefore unfavouring the glutathione-mediated resistance mechanisms [89] .
No studies on picoplatin as a sole chemotherapeutic agent against CRPC are yet to be found in the literature. In turn, its combination with other agents such as taxanes (e.g. docetaxel) and prednisone produced encouraging results.
In a phase II trial, intravenous picoplatin was safely administered every three weeks to patients with CRPC as a first-line therapy at 120 mg/m 2 with full doses of docetaxel (75 mg/m 2 ) and prednisone (5 mg, twice a day) [90, 91] . A positive PSA response was verified in 78% of the tested patients, with an average progression free survival of 7.4 months and an overall survival of 21.4 months.
No neurotoxicity was observed and thrombocytopenia (platelet decrease) was less frequent and less severe when picoplatin was administered in combination with docetaxel, neutropenia (decreased white blood cells) being the most common hematologic adverse event. Hence, the combined administration of picoplatin with full doses of docetaxel and prednisone appears as a promising novel therapeutic scheme for the first-line treatment of men with metastatic castration-resistant prostate cancer.
The favourable results obtained for this experimental Pt(II)drug, specifically developed for the treatment of patients with solid tumours, pave the way for late-stage studies aiming at an anticancer activity similar to that of other platinum agents, such as oxaliplatin, coupled to a lower toxicity (e.g. nephro-and neurotoxicity) and the ability to overcome glutathione-mediated resistance.
Satraplatin
Satraplatin (bis-(acetato)amminedichloro (cyclohexylamine) platinum(IV), JM216, tradename Orplatna) is a third-generation platinum compound, structurally similar to cisplatin but comprising two axial acetate groups Fig. (1) responsible for an improved oral bioavailability, that renders satraplatin the first platinum agent to be administered orally [92] . Satraplatin is rapidly metabolised into the corresponding cisplatin analog (cisamminedichloro-(cyclohexy lamine)-platinum (II), JM 118) by removal of the acetate moieties [93] , and displays improved properties compared to other platinum agents like cisplatin, carboplatin and oxaliplatin [88, [93] [94] [95] , namely the potential to overcome platinum resistance [96] and the significantly milder toxicity profile [97] . Additionally, since satraplatin is more hydrophobic than cisplatin or oxaliplatin, it has demonstrated efficacy in cisplatin-resistant tumours. Its main metabolite binds to DNA through intrastrand and interstrand crossing links between adjacent purine bases, leading to cell-cycle arrest at the G2 phase and subsequent induction of apoptosis [98] . Moreover, the lack of cross-resistance of taxane-resistant cells to satraplatin is of particular importance, since docetaxel has become the new standard first-line chemotherapy in the treatment of hormone-refractory prostate cancer patients. Thus, satraplatin is an attractive candidate for clinical application towards CRPC.
Upon oral administration, satraplatin is rapidly absorbed, reaching peak plasma levels within 2 h. After a 5-day administration scheme, at a dose of 100 mg/m 2 , the drug´s half-life is ca. 12 hours [99, 100] . Satraplatin and its metabolites are largely bound to blood constituents and plasma proteins, only a small percentage occurring as free platinum. In small-animal tumour models, a 5-day therapeutic scheme was associated with optimal bioavailability, antitumour activity and tolerability [101] .
In preclinical studies, satraplatin displayed a significant cytotoxic effect both against the androgen-sensitive LNCaP and the androgen-insensitive PC-3 and DU-145 cell lines [92, 102] , with concentrations leading to a 50% inhibition (IC 50 ) equal to 10.9 (±0.6), 1.4 (±0.1) and 2.8 (±0.2) μM, respectively, following 72 hours of incubation. Hence, satraplatin was shown to inhibit prostate cancer cell proliferation, being active in either androgensensitive and androgen-insensitive cells.
The clinical indication for Orplatna (satraplatin capsules) is treatment of men with androgen-independent prostate cancer that has failed prior chemotherapy. Based on previous results for phase I/II trials on cisplatin and carboplatin, several phase I clinical trials have been performed for satraplatin as a single-agent, with different dosing schedules, from a daily dosing to a weekly administration [97, 99, 100, 103, 104] . These trials confirmed the recommended dosage as 80-120 mg/m 2 per day for five consecutive days, every 4-5 weeks.
Phase II studies on satraplatin as a first-line treatment for CRPC were also carried out, in order to determine the agent´s antitumour activity towards this type of cancer as well as its safety profile. Latif and coworkers [105] used a therapeutic scheme with satraplatin at 120 mg/m 2 per day for five days, repeated every three weeks. From the 39 patients tested, 10 were found to achieve a complete or partial PSA response, 14 attained a stable disease, and PSA progression occurred in 8 cases. For 7 patients the PSA response could not be evaluated due to missing values, and treatment was discontinued due to toxicity in 14 other patients. The median OS was assessed as 16.7 months.
A combined therapeutic regimen against CRPC, involving satraplatin and docetaxel, was found to be feasible in a phase I trial, with neutropenia as the main toxicity [106] . Docetaxel was administered intravenously over 1 hour on day 1, and satraplatin was given orally on days 1 to 5, in 21-day cycles. The preliminary data gathered so far justifies further evaluation in selected advanced prostate cancer patients.
Satraplatin has also been tested in several combined therapeutic schemes with prednisone [93, 107] , having been found to reduce the risk of disease progression by about one-third in patients with advanced prostate cancer, unresponsive to hormone treatment and previous chemotherapeutic strategies. In a randomised multicenter phase III trial enrolling 380 patients [108] , the Pt(IV) complex was administered at a dose of 100 mg/m 2 per day for 5 days, plus oral prednisone at 10 mg twice a day. As compared with prednisone alone, this combination scheme presented better results, with an average OS of 14.9 months and a PFS of 5.2 months. The antitumoral activity associated with this combined chemotherapy was significant, with a minimal toxicity.
Another clinical trial tested satraplatin administered at 80 mg/m 2 once daily for 5 consecutive days, with cycles repeated every 35 days, coupled to a continuous treatment with low-dosage prednisone (5 mg daily) [109] . This combination regimen showed promising activity particularly against cisplatin-resistant human CRPC tumour lines in phase trials I and II, and is currently under clinical trials as a second-line chemotherapy -phase III trial known as Satraplatin and Prednisone Against Refractory Cancer (SPARC) [109, 110] .
The pivotal SPARC trial, initiated in 2003, is an international, multicenter, placebo-controlled trial with the primary objective of comparing PFS and OS in patients with advanced (metastatic) CRPC, after failure of first-line chemotherapy: 950 patients were treated with satraplatin (n=635), or with placebo plus prednisone (n=315). The time-to-pain progression, pain response, tumour response and PSA response, as well as the safety of the platinum agent in this setting, are also assessed. The proposed dosing regimen was 80 mg/m 2 , administered once daily for 5 consecutive days, with cycles repeated every 35 days, and continuous treatment with low-dose prednisone (5 mg twice a day). Overall, satraplatin was well tolerated in the elderly patient population (median age 70 years), which is representative of the overall CRPC population. Up to now, the most common adverse effect associated to this agent is myelosuppression, with neutropenia seen in 21.1% of patients in the satraplatin-plus-prednisone cohort compared with 0.6% for prednisone alone.
Nevertheless, satraplatin is not yet licensed in Europe for the treatment of prostate cancer. FDA has recently recommended delaying the drug´s approval, until reliable data is available on relevant parameters such as OS, PFS and time to pain progression. Table 1 comprises the most relevant therapeutic schemes against CRPC including platinum-based compounds, reported in the last decade.
TARGETED DELIVERY STRATEGIES
Different targeted delivery strategies have lately been developed to increase the effectiveness of anticancer platinum drugs towards advanced prostate cancer and to overcome their systemic toxicity, by enhancing tumour delivery through different targeting approaches [111] [112] [113] . These allow to target specific sites with controlled release of the drug over a specific period of time. Polymer coupling, liposome encapsulation or antigen-based schemes are some possible approaches, leading to a simultaneous improvement in efficacy and tolerability. Liposomal formulations of platinum agents were developed not only with a view to target the drug but also in order to reduce the systemic toxicity of this kind of compounds. Liposome-included cisplatin (Lipoplatin TM ) was found to be active against prostate cancer, through a mechanism similar to cisplatin´s, with less deleterious side-effects [114] . Also, cisplatin encapsulated in polyethylene glycol-coated liposomes containing a new cationic lipid (TRX-20) led to an increased delivery of the platinum agent to metastatic tumours expressing large amounts of chondroitin sulfate, such as prostate cancer [115] , which constitutes a very promising approach for increasing the drug´s bioavailability at its target, and hence its effectiveness.
Nanoparticles (NPs) based on biodegradable, biocompatible polymeric components, are widely applied in this field, namely NPs derived from poly(D,L-lactic-co-glycolic acid) (PLGA) as the con-trolled release polymer, which are well established as safe for clinical use [116] . Poly(ethyleneglycol) (PEG)-functionalized PLGA NPs are especially promising [117] , since pegylation leads to a reduced systemic clearance of the polymeric NPs. Surface engineering methods enable to introduce tailored ligands, such as peptides, antibodies or nucleic acid aptamers, that target NPs to a cancer cell of interest. Moreover, encapsulation of the platinum drug within the cluster isolates it from the external environment diminishing deleterious side-effects and increasing blood circulation time before reaching the biological target.
Prostate specific membrane antigen (PSMA), a transmembrane glycoprotein predominantly expressed in the prostate epithelium, has been used to target prostate cancer cells. Actually, this antigen is considerably increased in these cells, particularly in poorly differentiated, prostate hormone refractory and metastatic carcinomas [118] . Additionally, aptamer-targeted polymeric nanoparticles have been engineered for directing platinum agents (namely cisplatin) to prostate cancer cells [119] [120] [121] . These drug-containing nanoclusters target the extracellular PSMA domain, for enhanced cytotoxicity. Moreover, this approach was found to lead to an extended drug persistence in the blood circulation and to a reduced accumulation in the kidneys, thus decreasing nephrotoxicity [121] .
Platinum-based drugs have also been successfully combined with molecularly targeted drugs such as the monoclonal antibody bevacizumab (tradename Avastin), which blocks angiogenesis by inhibiting vascular endothelial growth factor and has revealed safety and efficacy in advanced prostate cancer. An encouraging therapeutic response has been obtained upon administration of carboplatin plus capecitabine in combination with bevacizumab, in patients with CRPC after failure of first-line taxane-based chemotherapy [122] . In addition, some recent studies have unveiled a synergy between platinum based chemotherapy and this immunoglobulin. In a phase II clinical trial, the combination of oral satraplatin,prednisone and bevacizumab was found to be tolerable and revealed promising efficacy in docetaxel-pretreated metastatic castrate-resistant prostate cancer patients [123] .
Attending to the importance of neuroendocrine (NE) differentiation in prostate cancer, particularly in androgen-independent proliferation leading to apoptosis resistance, angiogenesis and invasion [124, 125] , the use of chemotherapeutic agents specifically targeted to NE cells, particularly platinum drugs, may provide a novel approach or the management of CRPC [126] .
CONCLUSIONS
Since hormone refractory prostate cancer causes substantial morbidity and mortality among men, improving this prognosis through the development of new chemotherapeutic regimens is an urgent issue in human health. Upon failure of androgen-deprivation treatment, several chemotherapeutic strategies have been applied, from the initial first-line estramustine (1981, [127] ) and mitoxantrone plus corticosteroid [7] (1996, [128] ), to docetaxel in combination with prednisone (2004, TAX 327 trial, [13] ). Although the latter is the only approved therapy for metastatic hormone unresponsive prostate cancer with impact on survival, subsequent treatment options remain limited. In fact, metastatic CRPC is poorly controlled after taxane resistance, with a median survival not exceeding ca. 18 months, a time to progression of 3 months or less and a significant toxicity. Consequently, most patients with docetaxel-pretreated castration-resistant disease receive second-line chemotherapy, and numerous trials have been carried out in order to develop optimised regimens, regarding both efficacy and tolerabilty.
Platinum-based agents, from cisplatin and carboplatin to newer analogues including picoplatin and oxaliplatin, have shown a clinically meaningful benefit in metastatic CRPC patients, either used as single agents or in combinations. Satraplatin, in particular, has yielded very promising results, mainly in combination schemes with taxanes (e.g. docetaxel and paclitaxel) and prednisone (SPARC trial, 2003) ( Table 1) . Actually, the efficacy and safety findings from the SPARC trial provide evidence of patient benefit in this life-threatening disease. Moreover, satraplatin therapy offers the flexibility of an oral chemotherapeutic option (not previously available), which represents a considerable advantage regarding patient compliance, mainly in elderly men suffering from this type of cancer. Combination regimens including platinum agents and taxanes also represent a promising treatment alternative, with response rates over 50%.
Although advances in palliation of symptoms and improvement in quality of life have been obtained with second-line chemotherapy, innovative approaches are still needed to improve survival rates. These include the use of targeted therapies to specific rates. These include the use of targeted therapies to specific molecular pathways or mechanisms critical to tumour growth. Several targeted delivery strategies have been developed in the last few years to widen the therapeutic use of platinum-based treatments against advanced prostate cancer. Among those, combination with specific antibodies or NP-encapsulation are promising options, leading to an effectiveness increase of up to an order of magnitude greater than that of the free drug.
Hence, patients with CRPC now have multiple options of therapy beyond conventional hormonal agents, namely tumour vaccines, combined cabazitaxel and abiraterone administration, and drugs targeting bone metastasis (often associated to advanced prostate cancer) such as the radionucleotide Alpharadin and the monoclonal antibody Denosumab. Additionally, the studies on platinum complexes towards prostate cancer developed so far have shown that this type of metal-based compounds may be of relevance, mainly as second-line therapy, for improving duration of therapeutic response and overall survival. The key for a successful development in the management of prostate cancer will require a multidisciplinary approach [129] , relying on the expertise of clinicians (urologists and oncologists) as well as of basic and translational researchers, in the search for improved drug targets and the rational design of optimised drugs.
